Neutrino emissivity (I URCA ) from the direct URCA (dURCA) process and the URCA processes with K − and K 0 condensations are considered simultaneously in neutron star matter. The neutrino emissivity due to the dURCA process plays a dominant role. However, antikaon condensations change the chemical potential of electrons, the effective masses of nucleons and the matrix elements of the reaction for the dURCA process. These changes make the neutrino emissivity for the dURCA process decrease. In this case, with antikaon condensations the total neutrino emissivity becomes lower. We believe that antikaon condensations are unfavorable for fast cooling of neutron stars.
Introduction
Neutron stars are born having an interior temperature greater than 10 11 K immediately after the supernova explosion, however, the temperature drops to 10 9 K after several minutes. Neutrino emission dominates the cooling of stars over the first 10 4 −10 5 years until the temperature falls to 10 8 K and photon emission overtakes neutrino emission. With the accumulation and development of observations (e.g. Page et al. 2004; Heinke et al. 2007 ) and theoretical knowledge (e.g. Lattimer et al. 1991; Kubis & Kutschera 2003) , much greater attention is being paid to the cooling of neutron stars (e.g. Prakash et al. 1992; Kubis 2006) . Thus far, cooling models have been divided into two categories: slow (standard) cooling (e.g. Page et al. 2004; Yakovlev et al. 2001 ) with a magnitude of emissivity 10 19 −10 21 erg s −1 cm −3 , and enhanced cooling (e.g. Lattimer et al. 1991; Kubis & Kutschera 2003; Leinson 2002 ) with a magnitude of 10 25 −10 27 erg s −1 cm −3 . The former mainly includes the modified URCA process and nucleon bremsstrahlung, whereas the latter includes the direct URCA processes with nucleons (dURCA), hyperons, pion and kaon condensations and quark matter.
After Kaplan and Nelson first demonstrated that K − mesons could undergo Bose-Einstein condensation in dense matter (Kaplan & Nelson 1986; Nelson & Kaplan 1987) , numerous researchers have shown that antikaon condensations are very sensitive to the equation of state (EOS) and the optical potential depth of antikaons (e.g. Glendenning & Schaffner-Bielich 1999; Lee et al. 1995; Banik & Bandyopadhyay 2002; Kolomeistev & Voskresensky 2003; Gu et al. 2005; Ding et al. 2008) . Antikaon condensations can change the distribution of particles, soften the EOS and reduce the maximum mass of neutron stars. Recently, it has been suggested that simultaneous K − and K 0 condensations enhance the cooling of neutron stars (Kubis 2006) . The conditions required for the onset of the URCA process with K − condensation (kURCA) are far more easily fulfilled than those necessary for the dURCA process. If we simply add the effect of the kURCA process to that of the dURCA process in a neutron star, the viewpoint that K − condensation enhances the cooling is certainly justifiable; however, if the dURCA process, kURCA process and the URCA process with K 0 condensation (k0URCA) occur simultaneously and influence each other, the situation becomes very complicated. The magnitude of neutrino emissivity from the URCA processes due to antikaon condensations is 10 25 erg s −1 cm −3 , which is lower than that from the dURCA process, 10 27 erg s −1 cm −3 . Among the three URCA processes, dURCA plays the most important role. The impact of both the kURCA and k0URCA processes on the dURCA process is crucial to the total cooling effect of neutron stars. In fact, with antikaon condensations, the neutrino emissivity from the dURCA process decreases obviously, due to the changes of the chemical potential of electrons, the effective masses of nucleons and the matrix elements of the reaction for the dURCA process.
The models
We begin our calculation with the cooling mechanism investigated by Kubis (2006) . This model describes the properties of the concurrence of the dURCA, kURCA and k0URCA processes. The three URCA channels are dURCA :ñ ←→p + e + ν e kURCA :ñ ←→ñ + e + ν e (1) p ←→p + e + ν e k0URCA :p ←→ñ + e + ν e , p andñ represent quasiparticles of the mixed states of normal nucleons. The emissivity due to neutrino emission can be derived from Fermi's rule. The energy per unit volume and time released
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Here m p * and m n * are the effective masses of protons and neutrons, μ e is the chemical potential of electrons, and Θ ife is a step function corresponding to the triangle condition. | M ij | 2 corresponds to various URCA channels (refer to Kubis 2006 for details) . The thresholds derived by ensuring the conservation of energy and momentum simultaneously for each URCA channel are dURCA, k0URCA :
where p i is the Fermi momentum of nucleons or leptons. Here we assume that only negative leptons are present in the system. The situation for muons is similar to that for electrons. The relativistic mean field theory (RMFT) is adopted here to describe the strong interactions, among which baryon-baryon and baryon-antikaon interactions are mediated by the exchange of σ, ω and ρ mesons (e.g. Glendenning & Schaffner-Bielich 1999; Pal et al. 2000) . In neutron star matter including neutrons, protons, electrons, muons and antikaon condensations (npK − K 0 ) with the optical potential of U K (n 0 ) = −120 MeV, the effective masses of nucleons and the chemical potential of electrons at a fixed baryon density n B can be derived by solving a set of nonlinear equations (Ding et al. 2008) . Solving this set of nonlinear equations, we can obtain the EOS, which can then be used as an input to solve the Tolman-Oppenheimer-Volkoff (TOV) equations and obtain the mass-radius relations of neutron stars. When the properties of static neutron stars are obtained, we can calculate the radial distribution of neutrino emissivity for a neutron star with a given mass.
The relation between the interior temperature and the evolving time of a neutron star can be obtained by solving the cooling equation,
where C v is the total heat capacity of the neutron star, L ν is the total neutrino luminosity and L r is the photon luminosity. Here we use the simple form of L r , which is shown in Shapiro & Teukolsky (1983) . With the neutrino luminosity L ν , the photon luminosity L r and the properties of the core of the neutron star, the cooling curves can be obtained (e.g. Page & Applegate 1992; Yakovlev & Pethick 2004; Gusakov et al. 2005) .
Discussion
In this letter, we exploit the GL91 set (Glendenning & Moszkowski 1991) for meson-nucleon couplings. The vector meson-kaon couplings g ωK = 1/3g ωN , g ρK = g ρN are derived from the quark and isospin counting rule. The scalar coupling is g σK = 1.50783, which is estimated from the optical potential of U K (n 0 ) = −120 MeV. Neutron star properties in both npK − K 0 and nucleon-only (np) matter are listed in Table 1 . According to the restrictions of URCA processes, Eq. (3) and the thresholds of antikaon condensations, we obtain the baryon number density range of the URCA channels of electrons (URCAe) in npK Fig. 1a . The dashed line represents the dURCA for e and μ in np matter, in npK − K 0 matter the curve for dURCA process is dash-dot-dotted. For npK − K 0 matter, the line for the total neutrino emissivity (URCAt including the dURCA, kURCA and k0URCA processes for e and μ) is solid. It is seen that the kURCA (dash-dotted lines) and the k0URCA processes (dotted line) occur at about 3n 0 and 4.9n 0 , respectively. The magnitude of I URCA is as high as 10 25 erg s −1 cm −3 , indicating that if we only consider the kURCA and k0URCA processes, K − and K 0 condensations will favor fast cooling of neutron stars. Moreover, the appearance of the k0URCA process actually enhances the neutrino emissivity of the kURCA process. Comparing the solid line and the dashed line, the total emissivity of the three URCA processes in npK − K 0 matter is the same as that of the dURCA in np matter at lower densities. However, when the kURCA process occurs, the total emissivity of the three URCA processes in npK − K 0 matter turns out to be a few times lower than that of the dURCA in np matter.
The radial distribution of neutrino emissivity with various masses of neutron stars is shown in Fig. 1b . To interpret the properties of neutrino emission clearly, we present an amplification of the figure for massive stars, Fig. 1c . As shown in Fig. 1c , we divide the curve for the maximum mass star in npK − K 0 matter into four parts. Part I corresponds to the dURCA process with electrons (dURCAe). The curves of 1.2 M −1.4 M in Fig. 1b reflect this case. When the mass of a neutron star becomes higher, the dURCA process with muons (dURCAμ) occurs, which together with the dURCAe increases its emissivity, as shown in part II. The combination of part I and II corresponds to the curves with masses 1.5 M −1.9 M shown in Fig. 1b . From parts I and II in Fig. 1 , one can notice that the neutrino emissivity increases with radius, which means I URCA decreases with density. In the framework of the RMFT, the σ field always increases with density, so the effective masses of nucleons m * p and m * n decrease. Though the chemical potential of electrons μ e increases with density in the region, the neutrino emissivity is still lower (see Eq. (2)). When the mass of a neutron star reaches 1.95 M , the kURCA process occurs, which corresponds to part III. It is interesting that the neutrino emissivity in part III is less than that indicated in parts I and II, even though part III includes the results of the dURCA and kURCA processes. This result is counterintuitive yet possible for three reasons. First, of the three URCA processes, the dURCA process in npK − K 0 matter plays the most important role in emitting neutrinos. When K − condensation occurs, |M np | 2 of the dURCA process is reduced to the form 
2 cos 2 θ C , which means the quantity of I URCA will reduce more than 0.2 × 10 27 erg s
in the case of θ = 1. However, the emissivity I URCA due to the kURCA process only has the magnitude of 10 25 erg s −1 cm −3 and the total neutrino emissivity decreases. From Fig. 1a one can see that the curves of the neutrino emissivity for the dURCA process and the total neutrino emissivity almost overlap. Second, the chemical potential of electrons decreases violently after the onset of K − condensation as K − mesons replace the leptons in maintaining charge neutrality. Third, once K − condensation sets in, the σ field grows more quickly, and the effective masses of nucleons further decrease. The values of the effective masses of nucleons and the chemical potential of electrons at the beginning (u = 3.028, u = n b /n 0 , i.e. the threshold density for K − condensation) and at the end (u = 4.869, the threshold density for K 0 condensation) of part III are shown in Table 2 . The ratio of |M np | 2 at the density u = 3.028 and
at the density u = 4.869 is equal to 1.2898. From these data one can find that the total neutrino emissivity at the beginning of part III is 6.27 times larger than that at the end of part III. The end result is that the total neutrino emissivity decreases, even though we have added the contribution of the kURCA process. The curves in part IV drop further, because the k0URCA channel is opened. When the mass of a neutron star is higher than 2.0625 M , the k0URCA process occurs. Part IV in Fig. 1c includes the dURCA, kURCA and k0URCA processes with both electrons and muons. Once the k0URCA process occurs, the chemical potential of electrons and the effective masses of nucleons show a further decrease (Pal et al. 2000) . At the threshold density for K 0 condensation, the matrix elements | M np | 2 for the dURCA process undergoes a 0.21 decrease. Therefore, I URCA in part IV becomes lower. matter, the corresponding cooling curves become higher, meaning that the cooling of neutron stars in npK − K 0 matter is slower than the cooling of neutron stars in np matter. Therefore, in the case we studied here, antikaon condensations cannot favor fast cooling, but produce a slower cooling history of neutron stars. The cooling curves presented here are estimates, in particular, effects of neutron star crusts are not considered (e.g. Shapiro & Teukolsky 1983; Lattimer et al. 1994; Gnedin et al. 2001) .
The typical value of θ and φ of between 1 and somewhat bigger than π/2 is generally accepted (Kubis 2006) . In this work, our main purpose is to discuss the effects of K − and K 0 condensations on neutron star cooling. With different values of the condensation amplitudes θ and φ, the calculation results are similar. From Kubis (Kubis (2006) ), we choose θ = φ = 1.
In this paper, U K (n 0 ) = −120 MeV is chosen, and we also study the cases for other values of the optical potential of antikaons. The calculation results are similar to that of U K (n 0 ) = −120 MeV. With the increase of the |U K (n 0 )|, the threshold densities of antikaon condensations decrease and the total neutrino emissivity I URCA is reduced.
Conclusions
We have studied the dURCA, kURCA and k0URCA processes of both electrons and muons in neutron stars with various masses in np and npK − K 0 matter. The effect of antikaon condensations on the neutrino emission and cooling of neutron stars has been discussed. The neutrino emissivity due to the dURCA process plays a dominant role; however, antikaon condensations change the chemical potential of electrons, the effective masses of nucleons and the matrix elements of the reaction for the dURCA process. As a consequence, the magnitude of neutrino emissivity for dURCA process decreases noticeably. In this case, even if the contribution of both the kURCA and k0URCA processes to the total neutrino emissivity are considered, the total neutrino emissivity is reduced. From the cooling curves of neutron stars, it is also found that compared with np matter, antikaon condensations do not result in any significant increase in the cooling rate. From the discussion above, we believe that antikaon condensations are unfavorable for fast cooling of neutron stars.
